We report the generation of passively tunable high peak signal-to-noise ratio harmonic mode-locked (HML) allnormal-dispersion Yb-doped fiber laser with a single birefringent filter in a ring cavity configuration. The highest fourth harmonic of the fundamental mode-locked frequency at a repetition rate of 88 MHz is obtained. The pulses are compressed to 627 fs by using an external grating-pair compressor. For the fourth HML output, the peak signal-to-noise ratio of the rf is 73 dB and the average power is as high as 110 mW with the pump power of 500 mW. Soliton bunches which contain multipulses are also observed in the weak mode-locked regime of the HML, and the separation between interpulses in a dissipative soliton bunch can be controlled by adjustment of the waveplates and spectral filter in the cavity.
Mode-locked fiber lasers have attracted significant interest for their potential advantages in compact design and reduced alignment sensitivity as well as excellent beam quality. As an excellent laser source, the passively mode-locked fiber laser opens a way to realize ultrahigh-repetition-rate pulse train with low timing jitter, which has found wide applications in microfabrication, optical communications, optical metrology, and optical frequency combs.
[1] Secondly, with the emergence of the harmonic mode-locked (HML) technology, [2] the repetition rate of the passively mode-locked fiber laser was greatly increased, and up to gigahertz (GHz) repetition rate has been realized in Er-doped fiber lasers and/or in Yb-doped fiber lasers with anomalous dispersion. [3−7] As a novel paradigm for the generation of ultrashort pulses, chirped pulse spectral filtering based ANDi fiber lasers have been widely studied due to the advantage of the removal of the anomalous-dispersion segment, which provides a possibility for realization of higher energy pulses directly from the fiber oscillator. However, due to the great tolerance of the nonlinear phase shift in the ANDi fiber laser, it is relatively difficult to realize high-order pulse splitting similar to the soliton fiber laser. For example, in 2011, Yang et al. reported passive second order HML in ANDi fiber laser with pulse duration of 14.6 ps assuming a sech 2 -pulse shape. [8] Recently, Wang et al. achieved a 99.6 MHz second order HML ytterbium fiber laser with direct output pulse duration of 5 ps. Gao et al. realized the fourth-ordered HML ANDi fiber laser with a super-mode-suppression ratio lower than 55 dB. [9, 10] The highest harmonic order reported in the ANDi fiber laser to date has been 14th HML output with 2.53 MHz fundamental repetition rate and a cascade long period fiber grating as spectral filter for modulations of the amplitude and spectrum. However, due to the longer fiber employed in the cavity and the instability introduced by fiber, the pulse duration was restricted to 1.3 ns and the super-modesuppression ratio was 23 dB due to the sensitivity of the birefringence in an optical fiber to the surrounding's temperature. [11] In this Letter, we report a nonlinear polarization evolution-based stable tunable high peak signal-tonoise ratio HML ANDi Yb fiber laser at 1046 nm, which generates the highest fourth HML with 73 dB peak signal-to-noise ratio at a repetition rate of 88 MHz and a direct (uncompressed) pulse duration of 15.5 ps. Compared with the previous reports in highorder HML ANDi fiber lasers, significant improvement is obtained in peak signal-to-noise ratio. After compression, pulses with duration of 627 fs are obtained with a sech 2 fit. We also experimentally study the evolution of the separation of the interpulses in a dissipative soliton bunch in the process of the realization of the harmonic mode locking. It also exhibits a 1.25 nJ of pulse energy at the fourth HML output and the obtained high peak signal-to-noise ratio also shows the excellent environmental stability. Figure 1 shows the schematic diagram of our passive harmonically mode-locked ANDi Yb-doped fiber laser. It consists of a 976 nm laser diode (LD) with a maximum pump power of 500 mW, a 980/1030 nm wavelength division multiplexer (WDM), a 40 cm of Yb-doped fiber (YDF), an optical isolator with an effective operating range from 1044 to 1084 nm, a polarization controller (PC) consisting of two quarter-waveplates and one half-waveplate, polarizing beam splitters (PBS), a pair of high power fiber collimator at a central wavelength of 1040 nm, a birefringent plate with a thickness of 7.5 mm, and an optical coupler with 50% output. The other single-mode fibers used in the oscillator are 8.5 m HI 1060 with an estimated normal 22 fs 2 /mm dispersion coefficient. The overall cavity length of the oscillator is approximately 9 m corresponding to a round-trip time of 45.45 ns and the total dispersion introduced into the cavity is estimated to be 0.2 ps 2 . The pump laser from 976 nm LD is coupled into the YDF through the WDM in a forward pump configuration and the generated laser propagates unidirectionally in the ring cavity due to the confinement of the isolator. The birefringent plate inserted between polarizers at Brewster angle constitutes a narrow band spectral filter and its actual action is to chirp the pulses in spectral and temporal regime to introduce pulse-shaping mechanism so as to initiate mode-locking. The mode-locked output laser pulses are detected by a fast photo-diode and recorded with an oscilloscope (DPO 2024B), an optical spectrum analyzer (Yokogawa AQ6370), and a frequency spectrum analyzer (Agilent E4407B). Self-starting fundamental wave mode-locking is firstly realized by carefully adjusting the PC under a full pump power. The mode-locked pulse train on oscilloscope and the rf spectrum are shown in Fig. 2 , where the repetition rate of fundamental pulses is 22 MHz.
Based on the stable fundamental mode-locking achieved, the mode-locked pulses train are gradually split into soliton bunches which contain two or more interpulses by slight adjustment of the orientations of the waveplates and birefringence filter without changing the pump power. Furthermore, the time interval of the interpulses in a soliton bunch can be experimentally controlled by adjusting the waveplates in the fiber laser. As solitons with equal amplitude are distributed periodically, thus the corresponding repetition frequency is equal to a multiple of the resonator round-trip repetition rate, the HML state is established. The corresponding dynamic evolvement of the second order HML is shown in Fig. 3 . Figure 4 shows the spectrum of the second order HML on a logarithmic scale with a 3 dB bandwidth of 084201-2 6.5 nm and the rf spectrum.
The rf spectrum in Fig. 4(b) shows a high peakto-pedestal extinction (∼65 dB) for the second order HML operation which indicates high stability. In addition, with continuous fine adjustment of the waveplates assisted with the rotation of the optical axis of the uniaxial birefringent filter, the higher-order harmonic mode-locked state could also be realized. The corresponding dynamic evolvements of the third and fourth-order HML are also shown in Figs. 5 and 6 . Figure 7 shows the spectra of the high-order HML on a logarithmic scale. For the third-order HML, the 3 dB bandwidth (8.6 nm) is slightly wider than that in fourth HML (7 nm). For third and fourth HMLs, the fundamental frequencies are 66 and 88 MHz, respectively, as shown in Figs. 8(a) and 8(b) . The rf spectra in Fig. 8 show high signal-to-noise ratio (69 and 73 dB for third and fourth HMLs, respectively, at a resolution bandwidth of 1 kHz), which indicates high stability during modelocking operation.
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1040 According to the analysis in Ref. [12] , the pulseto-pulse energy fluctuations ∆ and the timing jitter ∆ of the output pulse train can be evaluated through the analysis of the rf spectra. Our analysis suggests the excellent performance for the fourth HML ANDi fiber laser with low amplitude fluctuations (0.2%) and relatively low timing jitter (∼4 ps).
Finally, the fourth HML pulses from the laser cavity are externally compressed by using a pair of gratings of 600 lines/mm with an incidence angle of 27 ∘ under the pump power of 500 mW. Figure 9 shows the autocorrelation temporal pulse shape (black line) and the Sech 2 fitting (red dashed line) of the compressed pulses, which shows pulse duration of 627 fs. The mea-084201-3 sured maximum average power at the fourth harmonic is 110 mW, which corresponds to the pulse energy as high as 1.25 nJ. The main mechanism of the HML Yb-doped ANDi fiber laser can be explained by detuning of the frequency of the narrow-band birefringent filter relative to the center frequency of the gain spectrum. [13, 14] Based on our experimentally observed results, the slightly detuning frequency introduced by the birefringent filter changes the original phase relationship of the fundamental mode-locking, and new mode-locked regime can be established, in which the phases between soliton bunches which contain multiple pulse are the same or with differences of 2 ( is an integer), while the phase and the relative velocity ( ) between interpulses in a dissipative soliton bunch can be changed. By assisted adjustment of waveplates which introduce a phase offset, the soliton bunch state can be broken and eventually evolved into the in-phase constant speed HML state. In addition, the realization of high-order harmonic mode-locking with high peak signal-to-noise ratio is also believed to be connected to the total dispersion of the cavity and the effective spectral filter bandwidth, which can be controlled through the optimization and selection of parameters.
In conclusion, the nonlinear polarization evolutionbased stable fourth harmonic mode-locked Yb ANDi fiber laser with 73 dB high peak signal-to-noise ratio at a repetition rate of 88 MHz is obtained. The average output power is 110 mW with ∼1.25 nJ pulse energy and compressed pulse duration of 627 fs. When the harmonic mode-locking is weak, soliton bunches which contain multipulses are generated by adjustment of the combination of the waveplates and the narrow-band birefringent filter. The demonstration of the soliton bunch with controllable pulse separation and numbers in ANDi fiber laser can extend our understanding for dissipative soliton mode-locking and the fiber laser will have a wide range of applications such as optical comb and coherent synthesizer.
